The electronic structure and band alignment at metal/oxide interfaces for nonvolatile memory applications are investigated by hard x-ray photoelectron spectroscopy (HAXPES) and DC transport measurements, using acceptor doped SrTiO 3 as a model memristive oxide. Metal-insulator-metal (MIM) structures with a noble metal (Pt) top electrode form a Schottky barrier and exhibit rectifying properties, while a reactive metal (Ti) as top electrode shows symmetric I(V) characteristics and a flat band situation at the interface. The transition from rectifying to ohmic I(V) relations with increasing Ti thickness is discussed with respect to the electrochemical reaction at the interface, the band alignment at the electrode/oxide interface, and the slope of the energy bands across the MIM structure.
I. INTRODUCTION
Controlling the oxygen nonstoichiometry in transition metal oxide thin films is one of the greatest and most important challenges for nonvolatile memories based on memristive oxides [1, 2] . A popular tool to engineer the redox state of the oxide is the insertion of a transition metal layer at one interface to chemically reduce the oxide and establish a controlled state of oxygen nonstoichiometry [3, 4] . Such bilayer systems are very well suited to resistive switching applications [5] [6] [7] [8] .
Fe-doped SrTiO 3 is used as a model material for the class of insulating perovskite oxides and can be resistively switched via an oxygen deficient filament [9] [10] [11] . While using a noble metal electrode (such as Pt) results in a high initial resistance that needs to be irreversibly lowered to enable resistive switching (called electroforming) [12] , the use of a reactive electrode (e.g., Ti) can remove the need for electroforming through a chemical reduction of the oxide [8, 13] . Concomitantly to the chemical reduction, the electronic properties of an insulating oxide and especially of the metal/oxide interface can be strongly influenced by the creation of point defects as localized electronic states, or self-doping via shallow donor states close to the conduction band [14] [15] [16] .
For the examination of the electronic structure and the band alignment at the interface, photoemission spectroscopy is a convenient tool since the information about the position of core level emission lines relative to the reference level (Fermi level) can be directly evaluated as a band bending in the absence of chemical changes (changes in line-shape or chemical shifts). In particular, using hard x-ray photoemission spectroscopy (HAXPES) to evaluate band offsets is advantageous due to the large sampling depths, significantly facilitating the experiment [3, 17] .
We have previously examined the thickness dependence of the Ti layer on the resistive switching properties of metal-* c.lenser@fz-juelich.de insulator-metal (MIM) structures fabricated from epitaxial SrTi 1−x Fe x O 3−δ and demonstrated that the presence of a thin Ti layer can lead to a forming-free, bipolar switching behavior through a decreased initial resistance [13] . The mechanism of charge carrier transport through the MIM structure and band alignment at the interface remain open questions.
In this paper, we present a combinatorial analysis aimed at understanding the transition from high to low resistive I(V) characteristics in MIM structures based on SrTi 1−x Fe x O 3−δ (STFO) films with increasing thickness of the Ti top electrode. In the first step, we investigate the electronic structure of doped STO in detail, using HAXPES to determine the position of the Fermi level in the band gap (and correspondingly, the free carrier concentration in the films) for undoped as well as donor and acceptor doped material. In the second step, MIM structures with Pt and Ti electrodes are investigated by HAXPES with respect to the band alignment and the chemical states at the electrode/oxide interface, which is then correlated to the I(V) characteristics of corresponding devices to clarify the origin of the enhanced conductivity.
II. EXPERIMENTAL
Epitaxial SrTi 1−x Fe x O 3−δ (STFO) and SrTiO 3 (STO) films were grown by pulsed laser deposition (PLD) on (001)-oriented, 0.5 wt-% Nb-doped SrTiO 3 single crystals (commercially available with Crystec GmbH, Berlin, Germany). The growth conditions of all PLD films in this paper comprised a substrate temperature of 700
• C, oxygen partial pressure pO 2 = 0.25 mbar, laser repetition rate of 5 Hz at a laser fluence of 0.8 J/cm 2 . The film thickness was chosen to 20 nm for the HAXPES experiments as well as for the MIM structures, which were fabricated by sputtering a metal top electrode (Pt or Ti) onto the epitaxial films. Top electrodes were defined by optical photolithography and ion beam etching. Electrical contacting was performed using W-needles, and current-voltage characteristics were recorded with a Keithley 2611A sourcemeter, with the bottom electrode (Nb:STO) grounded and bias applied to the top electrode. HAXPES experiments on the as-deposited films were performed at beamline P09 of the PETRA III synchrotron (HASYLAB, Hamburg, Germany), using a liquid N 2 -cooled Si (311) double crystal monochromator (DCM) at 5.5 keV excitation energy. The overall energy resolution of the experiment was better than 0.35 eV, as determined from the width of the Au Fermi edge. The photon energy was determined before and after each sample was measured to ensure reliable calibration of the beamline. Overall, photon energy fluctuations were found to be smaller than 100 meV over the course of 36 hours. The optical axis of the photoelectron analyzer was positioned close to the surface normal to maximize the information depth and minimize contributions from surface layers. HAXPES experiments on large arrays of MIM structures with Pt and Pt/Ti electrodes close to normal emission were performed at 4.2 keV excitation energy using a Si (111) DCM with an energy resolution better than 0.55 eV. The electrode size and separation in each array were 100 × 100 μm 2 with 5 μm separation (Pt) and 20 × 20 μm 2 with 2 μm separation (Pt/Ti). For an excitation energy of 4.2 keV, the electron attenuation length (EAL) λ as defined via
where x is the overlayer thickness, and I and I 0 are the signal intensity with and without overlayer, respectively, was determined to λ TiO x = 53Å for a photoelectron energy of 3.9 keV (Sr 3d core level) using TiO Fig. 1(a) ] shows rectifying properties with the forward direction (lnJ ∝ V ) for positive bias at the top electrode, and the reverse direction (lnJ ∝ V 1/2 ) with negative bias at the top electrode, which is characteristic of the barrier lowering through the image-force effect encountered in Schottky junctions [19] . The initial resistance is too high to be accurately determined by a small voltage probe since the sourcemeter is not sensitive enough (I < 10 −10 A), and can only be estimated to dR > 5 × 10 10 . For higher bias, we can calculate the barrier height of the rectifying Pt/STFO/Nb:STO stack through the current in forward direction using the Shockley equation:
(with V T = kT/e, where k is Boltzmann's constant, A * (Richardson constant) = 156 A cm −2 K −2 , T = 300 K, n: ideality factor, φ:barrier height). For the pristine state of the device shown in Fig. 1(a) , we obtain a barrier height of φ = 0.96 eV, and an ideality factor of n = 3.3. For an ideal Schottky junction, n = 1 can be expected, and the increased ideality factor of the junction hints at the presence of a significant contribution of tunneling currents or interface states in the system [19] .
Introducing a 5 nm thin Ti layer between Pt and oxide lowers the initial differential resistance dR = 100 M and removes the rectifying Schottky barrier, as evidenced by the nearly symmetric current-voltage relation shown in Fig. 1(b) . The I(V) curve is almost symmetric and nonlinear, suggesting that the main contribution to the resistance arises from the volume of the STFO film through a field-accelerated transport mechanism between two slightly dissimilar interfaces. Figure 1 (c) shows that the same sample geometry with a 10 nm Ti layer leads to a significantly smaller initial resistance (dR = 2.2 k ) and more symmetric I(V) relation.
B. Resistance switching
Devices fabricated with Pt electrodes and those with a thin Ti interlayer can both be resistively switched between two (or more) nonvolatile resistive states. The three exemplary switching curves shown in 1(d)-1(f) have been measured on MIM structures fabricated from the same STFO film, ensuring an equal insulator thickness for all devices. Top electrodes of 30 nm Pt, 25 nm Pt/5 nm Ti, and 20 nm Pt/10 nm Ti [1(d)-1(f), respectively] were deposited to keep the heat capacity of the top electrode comparable. The switching polarity for all marked devices is "eightwise" [9] , as marked in Fig. 1(d) .
The high initial resistance of the devices with Pt top electrodes [ Fig. 1 Increasing the thickness of the Ti layer to 10 nm leaves the pristine device at low initial resistance, and the device has to be reset to a high resistance state by a negative voltage (marked in red). This "reverse-forming" can typically be observed for MIM structures fabricated from conductive metal oxides such as the Ti/Pr 1−x Ca x MnO 3 system [20] and can be a sign of a reversible electrochemical reaction between electrode and oxide [21] . For the present case, it is a strong indication that the electrical properties of the nominally insulating STFO have been altered dramatically by the deposition of the Ti electrode.
IV. ELECTRONIC STRUCTURE OF DOPED SrTiO 3
In order to determine the band alignment at the metal/oxide interface of SrTi 0.98 Fe x O 3−δ -based devices, the first step is the examination of the electronic structure of the films without any top electrodes using HAXPES. We investigate undoped and 2% Fe-doped films to glean insights into the effect of acceptor doping on the electronic properties and compare them with a donor-doped Nb:STO (0.5 wt%) single crystal reference. The thickness of the films of 20 nm was chosen to avoid charging effects.
The photoemission core levels of all constituent elements display a consistent energy shift toward lower binding energies when Fe is present. Figure 2 (a) shows an overview of the core levels of the major elements of the SrTiO 3−δ and STFO. The binding energy shift has the same absolute value (within the experimental error) and sign for all core levels, for both anions and cations, and can therefore be related to a shift of the Fermi level of the Fe-doped film with respect to the undoped film. Using the Kraut method (intersection of the linear extrapolation of the leading edge of the valence band with the energy axis) to determine the valence band maximum (VBM) [22] , the position of the VBM in dependence of the dopant is shown in Fig. 2(b) . The degenerately donor-doped Nb:STO single crystal provides a reference of a metallically conducting material, with a charge carrier density of n = 1.57 × 10 20 cm −3 (1 electron per Nb 5+ donor). We can directly calculate the position of the conduction band minimum, relative to the Fermi level, from the position of the valence band maximum and the band gap energy E Gap = 3.25 eV: 
For sufficiently large energy separations E C − E F > 3 kT, we can substitute the Fermi distribution by the classical MaxwellBoltzmann distribution to obtain
where N C is the effective density of states in the conduction band, which has been determined by Moos et al. to be [23] 
At 300 K, we obtain values of N C = 2.13 × 10 20 cm −3 and 3 kT = 75 meV. Inserting the values of VBM shown in Fig. 2(b) into Eq. (5), we obtain a strong variation of the charge carrier density n (occupied density of states) as a function of the dopant, as tabulated in Table I . Note that since E C − E F < 3 kT for Nb-doped SrTiO 3 , Eq. (5) is invalid, and we assume one electron per Nb atom to estimate n, following the general assumption of electronic compensation of the Nb dopants (n ≈ [Nb]).
Concerning the error propagation in this analysis, we note that the exponential relation n ∼ exp(E C − E F ) leads to a large uncertainty in n for relatively small uncertainties in E C − E F . A change of 50 meV in E C − E F can lead to almost an order of magnitude change in n. The absolute values of n in Table I should therefore be viewed with caution. However, the difference between STO and STFO is consistently found in all core levels and is too large to be a result of external error sources.
We would like to add a brief explanatory note on the charge compensation of the point defect in the films, since the concentrations of free carriers are high for a material that is insulating in the bulk. While the STFO films are nominally acceptor doped, an abundance of oxygen vacancies V
••
O is introduced into the film during PLD growth. The kinetic constraints that dominate PLD growth can induce point defect configurations in the films that are not encountered in bulk materials produced in thermal equilibrium [24] [25] [26] [27] . In addition, space charge effects induced by the proximity to the surface can play a role in determining the concentration of free carriers in the film [28] .
As a result, we find that undoped SrTiO 3 films have unexpectedly high concentrations of free carriers, as evidenced by the close proximity of the Fermi level to the bottom of the conduction band. However, intentional acceptor doping reduces the amount of free charge carriers by trapping the free carriers induced through V [29, 30] . We therefore deal with n-doped films even when admixing substantial amounts of acceptor-type cations.
V. INTERFACE REACTION
Before examining the band alignment at the Ti/STFO interface, it is worthwhile to consider the chemical state of the interface. We show above that increasing the Ti thickness leads to decreased resistance values if the STFO thickness is kept constant. Figures 3(a) and 3(b) demonstrate that keeping the Ti thickness constant and varying the thickness of the STFO layer produces the same effect: Thinner STFO films have dramatically reduced resistance in the pristine state. In fact, a 5 nm Ti layer deposited on a 10 nm STFO film produces electrically shorted MIM structures that cannot be resistively switched.
The fact that the initial resistance can be controlled by the variation of both top electrode and insulator thickness is important when examining such layer systems with HAXPES. A variation of the top electrode thickness does not only change the resistance state of the sample but also the information depth of the photoemission experiment. Since this is not trivial to account for, keeping the thickness of the top electrodes constant and varying the insulator thickness facilitates the direct comparison of photoemission spectra. The Pt capping layer thickness of 2 nm corresponds roughly to λ P t = 22Å, therefore the photoemission spectra probe approximately 10 nm into the TiO x /STO underneath the Pt, assuming an EAL value of 50Å (see Sec. II).
The Ti 2p photoemission spectra shown in Fig. 3 (c) shed light on this thickness dependence and the chemical state at the interface. The Ti 2p spectrum of a 2 nm Pt electrode on a 20 nm STFO film (black) serves as a reference for a single, spin-orbit split doublet corresponding to fully oxidized Ti 4+ , while the Ti 2p spectrum of a Nb:STO (0.5 wt%) single crystal (green) demonstrates that the observed changes are not related to the substrate.
Inserting a 4 nm thin Ti layer (red line) results in a low binding energy shoulder, indicating the presence of Ti suboxides in the probed volume. Since the information depth is greater than the TiO x layer thickness at an electron kinetic energy of 3.7 keV (corresponding to an electron attenuation length λ ≈ 53Å), the contribution of Ti electrode and STFO are indistinguishable. However, the presence of suboxides, along with the decreased electrical resistance, points to a reduction of the STFO film by the Ti electrode, which is oxidized in turn. A detailed analysis of the spectrum (provided in Ref. [13] ) reveals that the spectral envelope can only be reproduced by including one component for each possible oxidation state of Ti x+ , excepting the metallic state (x = 1,2,3,4).
Decreasing the insulator thickness to 10 nm (blue line) results in a much more pronounced structure on the low binding energy side of the Ti 2p doublet. Since the probed volume is the same for both Pt/Ti/STFO samples, we conclude that a thinner STFO layer underneath the Ti layer results in a larger amount of Ti suboxides. Note that while the blue spectrum is recorded on a stack based on STFO with a slightly different Fe concentration (5%), we do not expect a qualitative difference to 2% Fe.
From the increased amount of Ti suboxides with decreased STFO thickness, in conjunction with the lowered electrical resistance, we conclude that oxygen ions move from the bulk of the STFO film into the Ti electrode, which induces electrical conductivity in the STFO through the self-doping with oxygen vacancies V
••
O . The driving force for this movement is a result of the difference in the electrochemical potential of oxygen in metallic Ti and STFO. The amount of suboxides present is therefore indicative of the resistive state. In addition, the thickness dependence leads us to consider that the STFO film serves as a finite reservoir for oxygen that can be transferred in a redox reaction to the Ti layer. A thinner Ti layer seems to be less effective at reducing the STFO than a thicker one, as evidenced by the resistance dependence on Ti thickness, and correspondingly a thinner STFO film is more heavily reduced than a thicker one. For this reason, the amount of reduction in the STFO film-and thereby also the electrical conductivity-can be controlled by the thickness of the Ti layer.
VI. BAND ALIGNMENT

A. Rectifying interfaces
To examine the band offset at the Pt/STFO interface, we performed HAXPES on fabricated MIM structures using 2 nm thin Pt electrodes to minimize the absorption of photoelectrons in the Pt overlayer. The procedure to evaluate band offsets is outlined in Fig 4: The energy positions of the respective core level emission lines of the two interfacing materials film discussed above as a reference for the O 1s (red lines), Ti 2p and Sr 3d core level emission lines. The position of the valence band maximum (VBM) of STFO is determined by linear extrapolation of the leading edge to the energy axis [22] .
These reference spectra are then compared to photoemission spectra of a 2 nm thin layer of Pt, sputter-deposited under the same conditions as the Pt reference, on a 20 nm epitaxial STFO film, grown on a (001)-oriented Nb:SrTiO 3 crystal under identical conditions as the STFO reference (black line). The relative distance between these emission lines can then be evaluated to determine the valence band offset (VBO) at the interface:
or since the Pt core level is referenced to the Fermi level, which is the reference level for photoemission (E F = 0),
To certify that the observed effect is due to a band offset (i.e., a shift of the oxide electronic structure relative to the Fermi level of the system), the observed shift has to be visible in all core levels, which is indeed what we find. While Eq. (7) can be applied for any given set of core levels of the oxide and the metal, using the O 1s and Pt 4p 3/2 lines improves the reliability of the method and comparability between samples since the difference E O1s − E P t4p 3/2 can be measured in the same spectrum. Applying Eq. (8) to the energy positions extracted from the spectra displayed in Fig. 3 , we calculate a valence band offset of 2.35 eV for the 2 nm Pt/STFO structure, which corresponds to a conduction band offset (CBO) of φ XP S = 0.9 eV when assuming a band gap of 3.25 eV, in good agreement with the calculated barrier height of φ = 0.96 eV from charge carrier transport. However, a slight underestimation of the barrier height determined via photoemission could be an artifact of an x-ray induced surface photovoltage. Investigations of the barrier height of Pt/Ba 1−x Sr x TiO 3 interfaces yielded comparable values [31] .
B. Symmetric interfaces
The rectifying Pt/STFO interface serves as a point of reference for the investigation of the symmetric interfaces obtained when Ti is used as the top electrode material. We used the same HAXPES technique described above to investigate the band alignment at the Ti/STFO interface. Figure 4 contains the Pt 4p 3/2 and O 1s spectra of the sample fabricated from a 20 nm epitaxial STFO PLD film with a 4 nm Ti top electrode, capped by a 2 nm layer of Pt (green line). In contrast to the rectifying Pt/STFO interface (black line in Fig. 4) , the presence of a Ti interlayer causes a shift of the O 1s core level to higher binding energies, without any significant changes in line shape. The same shifts can be found in the Sr 3d and Ti 2p lines (data not shown).
When treating the energy position of the O 1s emission line of the 4 nm Ti/20 nm STFO structures with the formalism given by Eq. (7), we obtain a VBO = 3.25 eV. This value is identical to the assumed band-gap energy 3.25 eV, implying a flat band situation with CBO = 0 eV. However, given the small uncertainty imposed by the experimental resolution and possible small photon energy fluctuations in the range of 30-50 meV, we include the I(V) characteristics shown in Fig. 1(b) An important consideration can be made regarding the width of the depletion layer in the STFO film when the Debye length is used to estimate the decay of the electric field caused by the built-in potential: [32, 33] , we note that the Debye length remains much larger than the film thickness for reasonable variation of r due to the square-root relation between L D and r .
Since the extension of the space-charge region w sc is itself larger than L D (w sc ∼ 8-10 × L D ) [19] , we see that w sc 20 nm, so that the STFO film is too thin to shield the built-in potential of the barrier. The main potential drop is then located at the interface to the Nb:STO bottom electrode, where L D = 1.1 nm (n 0 = 1.7 × 10 20 cm −3 ) is much smaller, causing the electric field induced by the built-in potential to decay quickly in the Nb:STO bottom electrode. This is reflected by the schematic slope of the energy bands in Fig. 5(a) .
The schematic band diagram of Pt/TiO x /STFO/Nb:STO with a thin Ti interlayer is shown in Fig. 5(b) . The band alignment obtained from the HAXPES experiments indicates a flat band situation, in agreement with the removal of the Schottky barrier. The Ti top electrode scavenges oxygen from the epitaxial oxide and forms a mixture of suboxides, as can be seen in the photoemission spectra in Sec. V. Since most Ti suboxides show electrical conductivity, the electrode does not necessarily govern the electrical properties of the stack. However, the actual oxidation state of the Ti at the interface with Pt is unknown at this point. We therefore assume TiO x to be metallic in nature for this band scheme, which is reflected by the steep slope of E V ac at the Pt/TiO x interface in Fig. 5(b) . The essential point is the absence of an energy barrier.
The resistivity of this stack is either determined by (i) the actual position of the Fermi level relative to the conduction band minimum in the STFO or by (ii) the oxidation state of the TiO x electrode. In case (i), the position of the Fermi level is governed by the amount of self-doping by oxygen vacancies, which are introduced into the material through chemical reduction by the Ti electrode. Depending on the doping level, the conduction band is either within 3kT of E F , resulting in the linear I(V) behavior of a degenerately doped semiconductor, or E C −E F > 3kT , in which case the STFO acts as a semiconductor or insulator. We can estimate the concentration of oxygen vacancies needed to form impurity bands, which can induce degeneracy, using the effective Bohr radius a * :
Using r = 300 and an effective mass of m * /m 0 = 1.8 [34] , we obtain an effective Bohr radius of a * = 8.8 nm. Since the effective Bohr radius is a measure for the extension of an impurity wave function, we can estimate the concentration of donor impurities necessary to form impurity bands by N * D ≈ (1/a * ) 3 = 1.5 × 10 18 cm −3 .
We note that a decreased r value can strongly affect N * D due to the cubic relation between r and N * D . More detailed investigations are necessary to evaluate this problem, however, but this may be a reason why oxygen vacancy-related impurity bands are seldom observed in STO thin films.
As we show in Sec. V, the amount of oxygen transferred from STFO to Ti depends on the thickness of both materials. By controlling the Ti thickness, the electronic state of a given STFO film can thus be varied from insulating behavior to a degenerately doped semiconductor.
It is also conceivable that the Ti oxidation state of the electrode determines the stack resistance [case (ii)]. This is an extreme case since the resistance of the STFO needs to be much lower than that of the electrode. However, this possibility should not be ruled out, especially for thick Ti layers and thin STFO films, resulting in a strong reduction of the insulator and strong oxidation of the metal. In fact, this scenario is the most likely reason for the observation of "reverseforming" (i.e., increase of a low initial resistance) as shown in Fig. 1(f) .
The transition from rectifying to conducting properties is accompanied by a change in the mechanism of charge carrier transport, as evidenced by the shape of the I(V) curves. However, we note that a variety of charge transport mechanisms have been discussed for electrically treated SrTiO 3 , including resonant tunneling [35] , polaronic conduction [36, 37] , and space-charge limited conduction (SCLC) [38] . All of the above (and others) exhibit nonlinear charge transport as a function voltage. It therefore goes far beyond the scope of this paper to discern which mechanism is prevalent in Pt/TiO x /STFO/Nb:STO stacks, and we restrict ourselves to the observation of a transition from insulating to conducting properties with increasing Ti thickness.
In conclusion, we have demonstrated the analysis of the band alignment at metal/oxide interfaces with rectifying, insulating, and ohmic character. The respective conduction behavior can be interpreted in terms of an alignment of electronic levels at the metal/oxide interface, which can be quantified based on HAXPES experiments, complemented by DC transport measurements. These observations are particularly important with regard to memristive systems built from metal/oxide interfaces, since it is important to understand that the relative thickness of metal and oxide determines not only the oxygen nonstoichiometry of the oxide, but can concomitantly influence the charge carrier transport as well.
